We use standing surface acoustic waves to induce coherent phonons in model lipid multilayers deposited on a piezoelectric surface. Probing the structure by phase-controlled stroboscopic x-ray pulses we find that the internal lipid bilayer electron density profile oscillates in response to the externally driven motion of the lipid film. The structural response to the well-controlled motion is a strong indication that bilayer structure and membrane fluctuations are intrinsically coupled, even though these structural changes are averaged out in equilibrium and time integrating measurements. Here the effects are revealed by a timing scheme with temporal resolution on the picosecond scale in combination with the sub-nm spatial resolution, enabled by high brilliance synchrotron x-ray reflectivity.
The equilibrium properties of lipid membranes are well understood [1, 2] . In particular, the molecular structure and dynamics of the lipid bilayers as model systems for biological membranes can be studied at high spatial and temporal resolution, for example, by inelastic neutron scattering, revealing a rich spectrum of thermal shape fluctuations and the characteristic dispersion relations [3, 4] . However, scattering techniques have to date been limited to large ensembles probed in thermal equilibrium. Generically, however, biological membranes are out of equilibrium. The membrane is subjected to external forces, i.e., due to osmotic pressure differences, the coupling to an active cytoskeleton, or to membrane proteins such as ion channels or pumps. These effects change structural, dynamical, and mechanical properties on a fundamental level. Nerve pulse propagation is one important example where the interplay between nonequilibrium forces and pressure has been postulated to couple to structural changes and phase transitions in membranes [5] , which would have considerable implications for physiology [6] . In order to gain further insight into these matters, the lack of experimental probes with sufficiently high spatial and temporal resolution under controlled out-of-equilibrium parameters has presented a tremendous challenge.
Here we use time resolved x-ray diffraction to study outof-equilibrium structural dynamics of lipid membranes, using surface acoustic waves (SAWs) for well controlled excitations [7] . SAWs have previously been shown to induce phase segregation in multicomponent lipid bilayers as probed by fluorescence microscopy [8, 9] , and to some extent the electroacoustic fields can mimick the effects of external forces which act on biomolecular assemblies or membranes in a biological environment. Up to now, however, the limited experimental resolution has impeded clear-cut explanations of many such phenomena, since the spatial and temporal scales of the molecular dynamics have not been accessed. Combining structural resolution on the sub-nm scale with temporal resolution on the picosecond scale, we are now able to directly monitor periodic changes in the electron density profile ΔρðzÞ of the lipid bilayers, induced by the coherent phonon emitted by the SAW device into the stack of multilamellar membranes deposited on top of the piezoelectric surface. From the observations we infer that the lipid bilayers are not just undergoing simple harmonic translations during the SAW cycle, but that the macroscopic acoustic wave couples to the arrangement and conformations of lipids and water within a periodic unit of the membrane stack.
In this work, SAWs are generated on piezoelectric lithium niobate LiNbO 3 substrates by a metallic comblike finger structure [10] , the so-called interdigital transducer (IDT); see Fig. 1 . These IDTs are excited by a radio frequency (rf) voltage at the design frequency f SAW ¼ v SAW =L SAW , given by the SAW velocity v SAW ≈ 3670 m=s and the finger distance L SAW (typically 10-100 μm), leading to SAW propagation along the substrate surface. In the present experiment the acoustically active region (sound path) was 1 mm wide and was bounded by a second identical IDT at a distance of 8 mm. Standing SAWs were generated by phase and frequency matched excitation of both opposing IDTs. The finger periodicity was L SAW ¼ 100 μm, corresponding to a fundamental design frequency of f 1 SAW ¼ 36.7 MHz. Resulting from the propagation direction or cut angle used, only Rayleigh waves (elliptic motion in the sagittal plane) are excited [11] . In addition to the mechanical component of the SAW, the piezoelectricity of the substrate material induces an electric potential Φ which is linked to the deformation of the crystal. Both the lattice deformation and Φ decay exponentially into the substrate, while the electric potential also decays exponentially into the vacuum above the surface. As long as the distance from the surface is small compared to the wavelength L SAW , the electric potential Φ and, thus, the electric field E z ¼ −∂Φ=∂z ≈ 10 5 V=m will, in general, affect a thin film on the surface, as detailed in the Supplemental Material [12] .
The pulsed nature of synchrotron radiation with x-ray pulse lengths on the order of 50 ps and pulse frequencies of several MHz enables a broad range of time-resolved experiments including inelastic scattering such as nuclear resonant scattering, x-ray spectroscopy (EXAFS, NEXAFS fluorescence [17] ), or diffraction [18] [19] [20] [21] . Phase locked stroboscopic diffraction experiments can be performed by matching the frequency f SAW ¼ nf b of standing SAWs to any integral multiple n of the synchrotron bunch frequency f b [11] . Subsequent x-ray pulses thus probe the standing SAW at a fixed phase ϕ, resulting in stroboscopic snapshots of the SAW induced dynamics [22] . A variation of ϕ allows sampling of the structural changes at a high number of time points, with the temporal resolution given by the x-ray pulse length of ≈50 ps (and negligible electronic jitter). Oriented multilamellar stacks of N ≈ 1300 1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) bilayers have been deposited on carefully cleaned LiNbO 3 substrates, following the procedures described in [23] . Individual bilayers are highly aligned with respect to the substrate surface with a well defined interbilayer periodicity d leading to sharp Bragg reflections at q z ðhÞ ¼ hð2π=dÞ. Time resolved reflectivity experiments have been performed at a x-ray energy of 18 keV at the high resolution diffraction beam line P08, PETRA III, DESY [24] using the PETRA III 40-bunch mode (f b ≈ 5.2 MHz), yielding Iðh; ϕÞ for each multilamellar reflection h as a function of phase shift ϕ between the standing wave and the subsequent synchrotron bunches. Note, that a phase shift of ϕ is equivalent to an effective time delay t ¼ ðϕ=360Þ · ð1=f SAW Þ. A SAW frequency of f SAW ¼ 7f b ¼ 36.4 MHz (closely matched to the design frequency of the IDTs) has been chosen, the SAW period is therefore ≈27.5 ns. An electric power of P SAW ¼ 21 dBm was applied to each IDT, as detailed in [11] , resulting in a SAW amplitude a of about 3 Å ≤ a ≤ 1 nm. Lamellar Bragg reflections have been recorded in the fluid phase with the sample at room temperature and hydrated from vapor in a home-built sample chamber with Mylar windows and electric feedthrough. Measurements covered up to the sixth lamellar orders (1 ≤ h ≤ 6). Four exemplary intensity traces Ið1 ≤ h ≤ 4; ϕÞ are depicted in Fig. 2 . Three successive identical measurements were performed in each case, yielding perfectly reproducible results. The averaged Iðh; ϕÞ were modeled by an eighth-order Fourier series [Iðh; ϕÞ ¼ a 0 ðhÞ þ P 8 i¼1 a i ðhÞ cosðϕÞ þ b i ðhÞ sinðϕÞ] in order to extract the leading temporal Fourier components a i ; b i for further analysis.
The measured Iðh; ϕÞ curves exhibit three particularly striking features: (i) The Iðh; ϕÞ curves corresponding to different reflection orders h are out of phase; see h ¼ 1 and h ¼ 2 traces in Fig. 2. (ii) The functional form of Iðh; ϕÞ does not match the sinusoidal line shape of the exciting SAW. Notably, Ið2; ϕÞ exhibits three intensity maxima for one [12] . The experimental findings can, in principle, be attributed to either (1) a phase dependent mean-square fluctuation amplitude σ (i.e., SAW induced disorder), (2) structure-factor effects corresponding to, e.g., changes of the inter-and intrabilayer correlation functions, or (3) form-factor effects reflecting changes on the scale of individual bilayers. Given observations (i) and (ii) we can discard a SAW induced Debye-Waller factor, i.e., a phase dependent σ, in the data interpretation as associated changes in Iðh; ϕÞ would necessarily be in phase for different h. Further, time resolved reflectivity and rocking measurements have been performed in order to disentangle form-factor effects from structure-factor effects. The ϕ dependent intensity oscillations are not accompanied by oscillations of the peak position, width, or line shape [12] . We therefore conclude that the observed fast dynamics are related to bilayer form factor variations, rather than a time dependent structure factor of the multilamellar stack. Thus, the observed specular intensity traces Iðh; ϕÞ cannot be explained by SAW induced changes in the correlation functions. They can only be explained by bilayer formfactor changes and, hence, structural changes on the level of individual bilayers. Therefore, the next step is to reconstruct the electron density profiles Δρðz; ϕÞ (relative to the mean density) from the measured Iðh; ϕÞ for each phase ϕ, see [12] for details. The required phase factors ν h ∈ ½−1; þ1 have been taken from reference measurements without SAW excitation [25] and are set constant over the whole time range as changes of ν h would be connected to an unobserved zero crossing of the corresponding Bragg intensity. Furthermore absolute values of F½q z ðhÞ have been calculated by scaling the measured integrated peak intensities Iðh; ϕÞ to reference reflectivity experiments under matching ambient conditions, so that only the measured relative variations of Iðh; ϕÞ enter the analysis. By this procedure, the comparatively poor sample quality of lipid multilayers on LiNbO 3 substrates did not affect the data analysis. The data quality was improved in a subsequent beam time [12] . Note also that due to uncertainties related to cable lengths and the electromechanical interaction at the IDTs, the true phase-zero ϕ 0 do not necessarily correspond to the nominal ϕ ¼ 0°in Fig. 2 and Fig. 3 , but have to be identified from the measured data [11] . Figure 3(a) shows the resulting electron density profiles Δρðz; ϕÞ. During the SAW period, pronounced changes of Δρðz; ϕÞ in the headgroup region (z ≈ AE17 Å) as well as in the hydrophobic core (z ≈ 0 Å) are observed, accompanied by a variation of the bilayer thickness. To further quantify these effects, characteristic bilayer parameters (bilayer thickness d hh , and headgroup width d hw ) are extracted from the Δρðz; ϕÞ; see Fig. 3(b) for the corresponding temporal evolution. Here, d hh is defined as the headgroup-headgroup distance between the maxima of Δρðz; ϕÞ, and d hw as the FWHM of the headgroup maximum [26] . While the periodicity d remains constant throughout the measurement, the maximal membrane thickness change δ ≈ 0.2 Å corresponds to a relative amplitude δ=a ≃ 2% with respect to the amplitude of the SAW excitation [11] . Resulting from lateral averages, the density in each plane contains contributions of both water and protruding lipid headgroup moieties. Figure 3(c) quantifies the associated oscillations in the excess electron densities in the headgroup and lipid tail moieties, integrated between the zero crossings. Since zero denotes the average density over one multilamellar period (bilayer plus water), the sum of the excess densities is always zero. The extrema of the oscillation cycle, at ϕ ≃ 68°and ϕ ≃ 248°, associate the local maxima in d hw and minima in d hh with negative excess density in the headgroups and positive excess density in the tail region, i.e., corresponding to a density profile which is less accentuated than that of the equilibrium fluid phase. The opposite is true for ϕ ≃ 156°and ϕ ≃ 338°, where the bilayer profile is more accentuated, i.e., changes in the same direction as from the fluid to the gel phase. However, in contrast to equilibrium phase transitions, the apparent compression or expansion of d hh and the associated density changes must be brought about by a volume conserving redistribution of lipid moieties, since the compressibility of water is low and large scale mass transport is quenched. For example, changes in the inclination (tilt) angle of the lipid headgroups from its equilibrium value α ≈ 60°with respect to the surface normal [27] and redistribution of water could cause the observed effects. Before further interpretation, let us first identify the primary driving force for these collective time dependent changes in the bilayer form factor. Two reference experiments have been carried out in order to disentangle electric field driven effects from mechanical effects. (i) Two identical parallel sound paths (Rayleigh waves, SAW frequency f 1 SAW ¼ 80 MHz) were prepared on the same SAW device. One path was covered by a 50 nm thin Au layer, effectively shielding the electric field [28] . Time resolved experiments on DOPC lipid multilayers were then carried out on both sound paths, with identical results. (ii) A pure shear wave was induced instead of Rayleigh waves reported above. Shear waves are characterized by pure in-plane displacements, no mechanical components perpendicular to the substrate surface are excited. The magnitude of electric field components E z perpendicular to the sample surface is, however, comparable to the case of Rayleigh waves [10] . In this case, no ultrafast effects have been observed. Therefore, we conclude that the observed periodic changes in bilayer structure are driven by the transverse component of the SAW. Further, based on the known dispersion relations in lipid stacks (undulation and baroclinic modes [3, 29, 30] ) we can neglect flow and curvature effects in response to the acoustic excitation, see the Supplemental Material [12] for details, given the SAW wavelength L ¼ 100 μm, frequency f SAW ¼ 36.4 MHz, SAW amplitude a ≤ 1 nm, and the film thickness L ¼ 6.5 μm.
With these simplifications and constraints in mind, we can consider as the simplest model a one-dimensional lattice with a unit cell composed of two slabs with thickness d hh ðtÞ and d w , representing the bilayer and water layer, subjected to harmonic acoustic excitation. In line with the experimental data, the bilayer periodicity d ¼ d w þ d hh is kept constant. The acceleration pressure then induces periodic changes in the bilayer thickness d hh , with maximum amplitude δ=a ≃ 2π 2 ρd 2 f 2 SAW =Y [12] . Here, Y is an effective modulus for the degree of freedom associated with the observed membrane profile changes. While the f 2 SAW dependence of the response amplitude is confirmed by a data set recorded at higher driving frequency [12] , an unreasonably small modulus in the range Y ≃ 10 4 − 10 5 ðN=m 2 Þ is required to match the experimental values. Note that while moduli in this range have been determined from the voltage dependent capacitance of a BLM before [31] , the Young's modulus describing uniaxial compression of a lipid bilayer is mostly cited to be 3 orders of magnitude higher [32] . We therefore conclude that the structural changes cannot be explained by the equilibrium compression or expansion of the bilayer. Instead, soft modes of the headgroup region, related, for example, to changes of the headgroup tilt angle, could well explain the observed effects, while preserving three-dimensional density and volume, which pose a constraint to the conformational changes in the absence of large scale flow [12] . The results show that collective structural changes on molecular scales can become relevant for soft matter systems such as lipid membranes, when excited acoustically at velocities and accelerations on the order of 1 nm=ns and 1 nm=ðnsÞ 2 , respectively. These oscillation periods, amplitudes, velocities, and accelerations could also occur in active membranes subject to rapidly changing forces, even if temporal and ensemble averaging would render detection or observation impossible (without synchronization). In fact, for phosphatidylcholines, an equilibrium amplitude of 3.7 Å for the fluid phase thickness fluctuations, which has recently been reported from neutron spin echo spectroscopy [33] , could be explained by similar collective soft modes, which would then couple to acoustic excitation.
In summary, the "structural bilayer movie" reconstructed from the reflectivity data shows thickness and density oscillations of the headgroup and lipid tail moieties, which are driven by the acoustic excitation (SAW). Further studies using the present approach should cover a broader range of experimental parameters (lipid composition, excitation, ambient conditions) and include more details of the structural dynamics, which could also play a role in physiological membrane processes.
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